A cDNA library was constructed from RNA of Vigna unguiculata root hairs harvested 1 day and 4 days after inoculation with Rhiwbium sp. NGR234. A heterologous probe was used to identify a cDNA clone, the predicted 99-amino-acid sequence of which shares homology with a nonspecific lipid transfer protein (LTP) of Hordeum vulgare. Other characteristics, including an estimated molecular weight of 10.4 kD, an isoelectric point of 8.6, and a signal peptide with a hydrophobic region at the aminoterminal end, are shared by most L TPs. A transcript of 630 nt was found in all tissues tested, except nodules. Levels of mRNA increased in root hairs 24 hr after treatment with Rhizobium sp. NGR234, with different hormones, or with Nod factors. Amounts of transcripts were dependent on the concentration of Nod factors. Accumulation of transcripts during nodule development correlated with root hair deformation, the first visible step in the Rhizobium-legume symbiosis.
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Root nodules are organized structures which develop from newly formed meristems in the cortex of legume roots following interaction with rhizobia. Cytological and ultrastructural analyses have demonstrated that the initial communication between the symbionts occurs at the single-cell level. Rhizobia enter the roots of their hosts through infections initiated in root hairs (Verma and Long 1983) . In successful associations, rhizobia bind to the root hairs of the host plant and induce elongation, deformation (Had), branching, and curling (Hae) (Bauer 1981) . Electron microscope studies have shown that rhizobia penetrate a degraded region of the plant cell wall, often near the curled part of the root hair. A secondary cell wall is deposited at this site and contributes to the formation of infection threads, which grow toward the base of the infected root hair (Callaham and Torrey 1981) . Growing regions of the infection thread are surrounded by plant cytoplasm which contains high concentrations of organelles involved in the synthesis and deposition of membrane and cell wall material (Turgeon and Bauer 1985) . Prior to penetration of the root cortex by the infection thread, the cortical cells dedifferentiate and divide to form nodule primordia (Calvert et al. 1984) . The release of bacteria into plant cells is not well understood, but microscopic studies indicate that the plant plasma membrane envelops bacterial cells as they emerge from discontinuities in the infection thread wall (Robertson et al. 1978) .
Nodule initiation is a highly specific process, which has been characterized as a two-way molecular conversation. Legume hosts release signal compounds, flavonoids, which stimulate the coordinated expression of bacterial genes required for nodulation (nod genes). Nodulation genes encode enzymes involved in the synthesis of Nod factors, which are substituted N-acylated oligomers of N-acetyl-o-glucosamine. Two different types of nod genes have been characterizedcommon, such as nodABC, which are essential for nodulation, and host-specific, which are unique to certain rhizobia and determine host specificity (Fellay et al., in press) . Expression of nod genes is controlled by regulatory nodD genes, whose products are activated by plant flavonoids . The ability of the NodD proteins to interact with the various flavonoids of different plants in a specific manner defines one level of host specificity (Horvath et al. 1987; Spaink et al. 1987) .
At extremely low concentrations, purified Nod factors elicit most of the plant responses characteristic of the bacterial infection. Amongst the responses reported are depolarization of root hair membranes, Had, Hae, cortical cell division, and nodule formation on their homologous hosts (Truchet et al. 1991; Ehrhardt et al. 1992; Mergaert et al. 1993; Relic et al. 1993) . Nodule formation can be mimicked by auxin transport inhibitors and by cytokinins (Allen et al. 1953; Hirsch et al. 1989; Relic et al. 1993) . Nod factors also stimulate the expression of plant genes whose products are involved in nodule morphogenesis (Horvath et al. 1993) . Genes expressed in root hairs after inoculation with Rhizobium are called hadulins (Krause and Broughton 1992) , while early nodulins (Franssen et al. 1992; Govers and Bisseling 1992) are involved in the infection process and the formation of nodules. Late nodulins (Franssen et al. 1992 ; Nap and Bisseling 1990) function during nitrogen fixation. So far, hadulins and early nodulins have been described in a few legumes, but their precise symbiotic function remains unknown. Ultrastructural analyses suggest that plasma membrane as well as cell wall synthesis takes place during the early steps of nodule morphogenesis, indicating that some of the hadulins and early nodulins are involved in their biogenesis. Studies on the relationships between signal exchange and the expression of hadulin and nodulin genes are still in their infancy (Horvath et al. 1993) . It seems likely, however, that Nod factors exert control over genes whose expression is necessary for nodule development, while the control of those genes required for nodule function resides in the bacteria.
The ability to regulate nodule morphogenesis by exogenous Nod factors, hormones, etc., provides an excellent system for the study of signal transduction and organ development in plants. In our studies, we use the broad-host-range Rhizobium sp. NGR234 and the widely compatible legume Vigna unguiculata. NGR234 nodulates more than 75 genera of legumes as well as the nonlegume Parasponia andersonii (S. G. Pueppke and W. J. Broughton, unpublished) , and its broad host range is largely mediated by the excretion of a family of acetylated or sulfated Nod factors (Price et al. 1992) . Similarly, we used V. unguiculata because: 1) relative to other legumes, it has a small genome-540 Mbp (W. J. Broughton, unpublished) ; 2) it is a true diploid (2n = 22); 3) it has a short generation time (60-90 days); 4) linkage maps comprising genomic, random amplified polymorphic DNA, cDNA, and morphological markers are available (Fatokun et al. 1993) ; 5) it possesses one of the broadest capacities to nodulate of all known legumes (Lewin et al. 1987) ; 6) it responds rapidly (Lewin et al. 1990 ) and massively to inoculation with Rhizobium (Danso and Owiredu 1988) ; 7) it grows quickly and well under artificial conditions (Broughton et al. 1978; Broughton 1979) ; 8) it produces a large amount of root hairs (Krause and CGCGAGTTCAGCATTAACAAATCATCACCCTTTGTTCTCTGTGTTGTTGT 50 TTTAGGAAGATGACGATGAAGATGAAGATGAAGATGTCGGTTGTGTGTGC 100 Broughton 1992); 9) it can be transformed with Agrobacterium tumefaciens (Garcia et al. 1987) ; and I 0) it is widely cultivated, especially in Africa, India, and North America.
Here we describe the construction of a cDNA library from rnRNA isolated from root hairs of V. unguicu/ata treated with Rhizobium sp. NGR234. Using a heterologous probe, we were able to isolate a cDNA clone that corresponds to a hadulin. The deduced protein sequence of pAKCS9 displays strong homology to a nonspecific lipid transfer protein (LTP) of Hordeum vulgare. Gene expression of the LTP-like protein was investigated at different stages of nodule development and in different tissues.
RESULTS

Construction of a root hair cDNA library.
To isolate V. unguiculata cv. Red CaJoona genes involved in the first steps of nodule development, root hairs (the primary target of rhizobia) were harvested 1 day and 4 days after inoculation with Rhizobium sp. NGR234 (in the ratio of nine parts on day I to one part on day 4). Under our growth conditions, the first morphological symptoms of a compatible interaction, Had and Hae, were visible at that time (Krause and Broughton 1992) , and most genes involved in the establishment of a Rhizobium-legume interaction should have been activated by then. Root hairs of 10 4 seedlings yielded sufficient poly(A)• RNA for construction of a cDNA library in l..NMI 149 using the RNaseH approach (Gubler and Hoffmann 1983; Lapeyre and Amalric 1985) .
Isolation and identification of a sequence coding for an LTP-like protein.
By differentially screening a cDNA library prepared from root segments of V. unguiculata cv. Pink Eye Purple Hull, Trese and Pueppke (1991) isolated VuC. which is homologous to transcripts preferentially expressed in nonnodulated roots and is strongly repressed after inoculation with R. fredii. To the best of our knowledge, neither the sequence nor the possible symbiotic role of VuC is known. Northern analysis has shown, however, that the 600-bp insert of pVuC hybridizes to a root transcript of 800 nt. This suggests that pVuC does not contain a full-length insert, and for that reason we decided to use it to isolate the complete cDNA from V. un-guiculata cv. Red Caloona. Using randomly labeled VuC as a probe, we isolated 11 positive plaques (out of 1 x 105 recombinant phages screened) from the root hair cDNA library. After plaque purification and isolation of the phage DNA, the size of each insert was determined, and the clone carrying the longest insert was chosen for further analysis. This insert was subcloned into pBluescript IISK( + ), and the recombinant plasmid was designated pAKCS9.
pAKCS9 contains an insert of 633 bp with a poly(A) tail of 13 nt (Fig. 1) . A polyadenylation signal is located 40 nt upstream of the poly(A) tail. Only one open reading frame is present, with an untranslated region of 59 nt at the 5' end and another of 277 nt at the 3' end. The open reading frame has five potential translation start codons between nucleotides 60 and 86. None of them match the consensus sequence for plant translation initiation sequences, however (Liltcke et al. 1987 ). On the assumption that the first methionine is used, the predicted amino acid sequence consists of 99 residues, with an estimated molecular weight of 10.4 kD and an isoelectric point of 8.6. By the method of von Heijne (1986), a signal peptide of 31 amino acids which carries all necessary elements, including a potential cleavage site, was identified in the amino-terminal region (Fig. 1 ). Von Heijne's (1985) techniques distinguished three different regions in the signal peptide: region n consists of eight positive amino acids, region h has 17 hydrophobic amino acids, and region c possesses six polar amino acids.
A search of nucleic acid and protein data bases revealed significant sequence homology of the insert of pAKCS9 to a nonspecific LTP (NL T2) of H. vulgare (Jakobsen et al. 1989) and to a 253-bp clone (TA T3D7) from Arabidopsis tha/iana (Bardet et al. 1992) . At the DNA level, the overaU homology was 44% with NLT2 and 56% with TAT3D7. The deduced amino acid sequence of the insert displayed 41 and 48% identity with NLT2 and TAT3D7 and 63 and 68% similarity to them, respectively (Fig. 2) . These homologies start from the first methionine, indicating that it is most probably used as the translation start. Furthermore, there are eight conserved cysteine residues which are characteristic of L TPs (Fig. 2) .
Genomic organization.
To determine the number of genes coding for the L TP-like protein in V. 1111guicu/ata, genomic DNA was digested with various restriction enzymes, and Southern transfer analysis performed with the 633-bp insert of pAKeS9 as the probe (Fig. 3) . This insert hybridized strongly to a single band of DNA formed after digestion with the restriction enzymes BamHI, EcoRl, and Hi11cll, indicating that only one copy of the LTP-like gene is present in the genome. Internal restriction sites are responsible for the two hybridizing bands seen when DNA was digested with Ace I or Cla I.
Expression of the LTP in vivo.
Northern blot analysis using total RNA isolated from six different tissues showed that the insert of pAKeS9 hybridized only to a transcript of 630 nt, suggesting that pAKeS9 carries a full-length cDNA insert. With the exception of 5-wk-old nodules, transcripts of the L TP-like gene were visible in all tissues tested. LTP-like mRNAs were most abundant in young leaves. Densitometric analysis showed that the amount of LTP mRNA in flower buds and young pods was approxi- 
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mately 90 and 70%, respectively, of that found in leaves. Transcript levels were reduced by a factor of 11 in 4-dayold roots and by a factor of five in uninoculated root hairs (Fig. 4) .
To examine the role of the LTP-like protein in nodule development, mRNA levels were determined in root hairs 1 day after inoculation with either Rhizobium sp. NGR234 or the NodABC-mutant NGR6nodABe, as well as in mature nodules and pseudonodules. Significantly, five times more LTPlike transcripts were found in root hairs treated with the wildtype Rhizobium than in those sprayed with either the mutant or water (Fig. 4) . The amounts of transcripts visible after inoculation with Rhizobium sp. NGR234 attained the levels found in young leaves. LTP-like transcripts were found neither in nodules nor in pseudonodules.
An obvious question is whether the Rhizobium-stimulated increases of LTP-Iike transcripts could be mimicked by Nod factors, which also induce Had, Hae, and the formation of pseudonodules on V. unguiculata (B. Relic and W. J. Broughton, unpublished) . It was of further interest to compare their effect with that of auxins, gibberellins, and cytokinins on the accumulation of L TP-like transcripts, since the latter also provoke pseudonodulation on Vigna (B. Relic and W. J. Broughton, unpublished) . To do this, mRNA levels were determined in root hairs harvested 1 day after treatment with different concentrations of hormones or acetylated Nod factors (NodNGR[Ac]). Interestingly, Nod factors induced the accumulation of LTP-Iike mRNAs in 24 hr or Jess (Fig. 5) . Increases in transcript levels were dependent on the concentration of Nod factors, with an optimum at about I x 10-6 M. NodNGR[Ac] at 5 x 10-6 M lowered transcript accumulation by a factor of about four, while treatment with 1 x 10-7 M reduced transcript levels by a factor of about three. All hormones induced a sixfold accumulation of L TP-like transcripts (data not shown). Figure 6 shows a comparison of the effects of Nod factors and kinetin. No correlation exists between the accumulation of the mRNAs coding for the LTP-like gene and the formation of pseudonodules.
DISCUSSION
To identify marker genes for the development of V. un· guiculata nodules, we constructed a cDNA library of mRNA isolated from root hairs harvested l day and 4 days after inoculation with Rhizobium. Root hair deformation occurs I day after inoculation, and by day 4 the bacteria have penetrated the root (Krause and Broughton 1992) . The library was screened with Vue, a clone isolated by differential screening of a root segment cDNA library of V. u11guiculata cv. Pink Eye Purple Hull (Trese and Pueppke 1991) . VuC is ho· mologous to a gene that is strongly repressed after inoculation with R. fredii strain USDA257. Expression of Vue in nonnodulated roots is greatest 2.5 days after inoculation and declines thereafter. In this system, VuC hybridizes to a transcript of 800 nt. Although the nucleotide sequence of Vue is not available, we believe that the insert of pAKSC9 differs greatly from Vue for the following reasons. First, at 630 nt, the transcript is considerably smaller. Second, in contrast to Vue, the transcript accumulates in root hair tissue after inoculation with Rhizobium. Third, the expression of the two clones during nodule development is different. Nevertheless, they must share limited sequence homology, since the cDNA insert of pAKCS9 cross-hybridizes with Vu C.
Interestingly, the cDNA insert of pAKCS9 shares 44% DNA homology and 63% protein similarity with an LTP of H. vulgare (Jakobsen et al. 1989) . In addition to ·30-70% DNA sequence homologies (Tsuboi et aL 1991) , LTPs share the following characteristics: l) the presence of eight cysteine residues at conserved locations (Sossountzov et al. 1991) ; 2) a molecular weight of 9-14 kD (Chasan 1991) ; 3) an isoelectric point of approximately 9 (Chasan 1991) ; and 4) a signal peptide (Bernhard et al. 1991) . As these criteria are also applicable to pAKCS9, it seems likely that it carries an insert which codes for an L TP-like protein.
It is thought that as L TPs facilitate the transfer of lipids between membranes in vitro (Chasan 199 l; Kader 1990) , they play a role in membrane biogenesis. Although the physiological function of LTPs has yet to be demonstrated in vivo, Sossountzov et al. (1991) believe that L TPs participate in membrane biogenesis by transporting lipids from their place of synthesis, the endoplasmic reticulum. to other membranes. In contrast, Sterk et al. (1991) and Thoma et al. (1993) suggested that LTPs might be involved in cutin formation, while Molina and Garcia-Olmedo (1993) believe that LTPs play a role in the defense against bacterial and fungal pathogens. Nevertheless, since the expression of genes encoding L TPs is modulated in certain tissues during plant development, they are an early marker of plant differentiation (Chasan 1991; Sterk et al. 1991) 
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High levels of LTP-like transcripts in young tissues of the aerial parts of the plant and low amounts in the root systems are in agreement with the observations of Molina and Garcia-Olmedo (1993) and Thoma et al. (1993) . After inoculation with Rhizobium, the amount of LTP-like transcripts increases dramatically, but they are absent from nodules. Inoculation with a Nod-mutant had no effect on transcription of the L TPlike gene, showing that nod genes are necessary for its induction. Since Nod factors are the products of the nod genes, their ability to induce transcription of the LTP-like gene is good evidence that they are the symbiotic signals which regulate the activity of the L TP-like protein. Under our conditions, this rapid rise in L TP-like transcripts corresponds to Had (Krause and Broughton 1992) . As no LTP-like transcript was visible in nodules, but transcripts were relatively abundant in treated root hairs, it appears that the L TP-like gene is transiently expressed during nodule developme11t. It thus conforms to the definition of a hadulin (Krause and Broughton 1992) and provides a marker for the first visible step in the Rhizobium-legume interaction: root hair deformation.
One possible role of the LTP-like protein in nodule development could be due to its ability, in vitro, to transport lipids between membranes. Cytological and ultrastructural analyses suggest that membrane synthesis occurs during root hair curling and in front of the growing infection thread (Turgeon and Bauer 1985; Ridge and Rolfe 1986) . Perhaps the LTPlike protein is involved in the biogenesis of these new membranes. Another possibility is based on the observation that z ..... u. Q,.
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-3600 -1900 Fig. 4 . Differential expression of the gene for a lipid transfer-like protein of Vigna unguiculata in different tissues following inoculation with Rhiz.obium. Total RNA (10 µg) was extracted from roots (R), root hairs (RH), root hairs inoculated with Rhizobium sp. NGR234 (Rh NGR), root hairs inoculated with RhiT.obium sp. NGIUnodABC (Rh ABC-), pseudonodules (PN), nodules (N), leaves (L), tlowers (F), and seed pods (P). A, Hybridization against the 633bp fragment of pAKCS9 under stringent conditions. B, Amounts and integrities of ribosomal RNA were confirmed by staining the filter with methylene blue (Sambrook et al. 1989 ).
LTPs preferentially accumulate in the outer cell layers of exposed surfaces (Molina and Garcia-Olmedo 1993) , particularly in the cell walls of epidermal cells (Thoma et al. 1993) . This leads us to speculate that the transport of Nod factors from the plasma membrane to their target may be coupled to binding with the LTP-like protein via the acyl chain. This would explain why structural variation in the fatty acid has such an influence on the specificity of Nod factors (Spaink et al. 1991; Denarie and Cullimore 1993) .
MATERIALS AND METHODS
Bacteria.
Bacterial strains, plasmids, and bacteriophages used in this study are listed in Table 1 . Rhizobium strains were grown as described by Krause and Broughton (1992) . XLI-Blue was grown in Luria-Bertani medium, while POP13 was cultivated in NZYM medium (Sambrook et al. 1989) .
Plant growth and inoculation. V. unguiculata (L.) Walp. cv. Red Caloona was obtained from Wright Stephenson & Co. (Seven Hills, N.S.W., Australia) . Seeds were surface-sterilized, germinated, treated with bacteria, and cultivated, and the root hairs were harvested as described by Krause and Broughton (1992) . In other experiments, root hairs were isolated from seedlings l day after treatment with 6-benzylaminopurine (5 x 10-6 and 10-5 M), gibberellic acid (10-7 and 5 x 10-6 M), kinetin (5 x 10-6 and 10-5 M), cx-naphthaleneacetic acid (10-8 and 5 x 10-6 M), and NodNGR[Ac] of Rhizobium sp. NGR234 (10-7 , 5 x 10-6, and 10-6 M). As a control, sterile water was sprayed on seedlings. Root hairs were stripped from the roots of uninoculated seedlings; RNA was then prepared from both fractions. Young leaves, young seed pods, flower buds, and 5-week-old nodules were harvested from plants inoculated with Rhizobium Fig. 6 . Nonhern blot analysis of 10 µg of total RNA extracted from Vigna root hairs following treatment with acetylated Nod factors (NF) (10-7 M) or kinetio (K) (10-5 M). Water was used as a control (C). A, Hybridization with pAKCS9. B, Filter stained with methylene blue. Lewin et al. 1990 Rhizobium sp (Lewin et al. 1990 ). Pseudonodules were collected 5 wk after inoculation of seedlings with a Fix-mutant of NGR234 (B. Relic', unpublished) .
Source or reference
DNA and RNA isolation and analysis.
Total DNA of V. unguiculata was isolated as described by Schwarz-Sommer et al. (1984) . All other recombinant DNA methods were according to Sambrook et al. (1989) .
To construct a cDNA library, total cellular RNA was isolated from root hairs harvested 1 day and 4 days after treatment with Rhizobum sp. NGR234. Isolation of the RNA and purification on Qiagen-tip 100 was performed according to the manufacturer's protocol (Qiagen, Dilsseldorf, Germany). mRNA was separated from total RNA by passage through an oligo(dT)-cellulose column (Sambrook et al. 1989) . For Northern blot analysis, total plant RNA was extracted as described by Chandler et al. (1983) . After separation of 10 µg of total RNA on denaturing agarose gels and transfer to nylon membranes, the amount and the integrity of ribosomal RNA was confirmed by staining the filter with methylene blue (Sambrook et al. 1989) . Standard techniques were used for Southern and Northern hybridizations (Sambrook et al. 1989) . Verification that equal amounts of RNA were loaded was obtained by densitometric analysis of the stained filters (QuantiScan, Biosoft, Cambridge, UK). Densitometry was also used to calculate the relative amounts of transcripts in the Northern blots.
Construction and screening of the root hair cDNA library.
Double-stranded (ds) cDNA was synthesized from 1 µg of poly(A)+ RNA isolated from root hairs treated with Rhizobium sp. NGR234, using the RNaseH method (Gubler and Hoffmann 1983; Lapeyre and Amalric 1985) . The ends of the ds-cDNA were repaired with T4 DNA polymerase (Sommer et al. 1990) , and the ds-cDNA was methylated (Sambrook et al. 1989) . EcoRI linkers were added as described by Sambrook et al. (1989) . After digestion with EcoRI, the excess linkers were removed on a Qiagen-tip 5, and the ds-cDNA was ligated into the EcoRI restriction site of the A.NMl 149 vector (Murray 1983 ). The ligation mixture was packaged in vitro and plated with the Hfl strain POP13 (Murray 1983 ). The number of recombinants obtained was 2 x 10 5 • Recombinant phages were replicated on nitrocellulose filters (BA85, Schleicher & Schuell, Dassel, Germany) as described by Sambrook et al. (1989) . Hybridizations with randomly labeled VuC (Trese and Pueppke 1991) were performed overnight at 62° C in 3x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.02% (w/v) Ficoll, 0.02% (w/v) polyvinylpyrrolidone, and 0.1 % (w/v) sodium dodecyl sulfate (SDS), containing herring sperm DNA 100 (µg ml-1 ). Filters were washed twice in 2x SSC and 0.1 % (w/v) SDS for 10 min and once in O.lx SSC and 0.1 % (w/v) SDS.
DNA sequencing.
Inserts of recombinant phages were re-cloned into the EcoRI site of the pBluescript IISK(+) vector (Stratagene, La Jolla, CA). Deletions were made using exonuclease III (Henikoff 1987) . A double-stranded dideoxy chain termination method was used to determine the sequence (Sequenase II, USB, Cleveland, OH). DNA sequence data were analyzed with PC/Gene (lntelliGenetics Inc., Mountain View, CA) and the Blast network service (National Center for Biotechnology Information, Bethesda, MA; Altschul et al. 1990; Gish and States 1993) .
